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Abstract

We have calculated the light shift in an
optically pumpecd cesium beam frequency standard
caused by fluorescence co-propagating with the
atomic beam. Both scalar and tensor contributions
are included to give the dependence on light
polarization. The results provide design criteria
for proposed new standards.

The light shift, or light-induced AC Stark
shift, is a potential source of error in proposed
optically pumped atomic beam frequency standards
that is not present in existing cesium stapdards.
This shift can be quite large (parts in 10”) while
the atoms are directly exposed to a light beam
intense enough to produce optical pumping [1]. But
in an atomic beam the optical pumping and resonance
observation regions are spatially separated.
Careful design can minimize scattering of pumping
light into the observation region. However,
fluorescence by the pumped atoms can still
propagate along the direction of the atomic beam
into the observation region to produce a light
shift., The present investigation was made to
establish a quantitative estimate for this fluores-
cence-induced light shift and its dependence on
design parameters.

We first find the light shift as a function of
the light intensity bathing the atoms. Later we
will relate the intensity to the atomic beam flux
and propagation distances,

Brillet [2] has already made a calculation of
the scalar [3] part of the light shift. We wish to
also include the tensor [3] part to determine the
dependence of the shift on polarization of the
light. Rather than using the formalism of Mathur
et al. [4] we have chosen to begin with a basic
formula for the energy shift of a state g [5]:
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Here w and K are the frequency and wave vector of
monochromatic exciting light, v is the velocity of
the atomic absorber, i is the transition
frequency between g and an excited state n, Fn is
the spontaneous emission rate from n to g, and Vn ,
W.,, wy, and T are all in angular frequency units.
The state g is either the F=3 or F=4, mp=0 ground
electronic state of cesium, the levels involved in
the clock transition. Equation (1) can be derived
by second order perturbation theory with (1/2) Th
brought in as an imaginary part of the excited
state energy [6].
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Using the Wigner-Eckart theorem and angular
momentum algebra V__< can be written as a constant
times the light intensity times a factor which
depands only on the light polarization and the
angular momentum quantum numbers of the states n
and g. The detuning dependence, averaged over the
velocities in the atomic beam, can be expressed in
terms of a dimensionless integral function
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which we have evaluated numerically. The relative
light shift of the clock transition (frequency wy,)
can then be written

AE
g _ qy2
fog = %l g (ag)® D(8,q,€) (2)

where C = 12/(2uge n’cka) = 1.33 x 1077 m2/W, I,

is the light intensity having polarization q, aggis

the angular momentum factor, § (m-mng)/ku is

ng
the detuning variable and € = >[/ka = 0.01. The

Doppler width in a gas with most probable velocity
a [7] is 0.83 ka. The reduced electric dipole
matrix element u is related to the excited state
lifetime by 1/t = T = gk /3nson. For pumping of
the D2 transition to the P /2 electronic state the
sum over n includes those Mg values allowed by the
light polarization and all three allowed F values,
since the Doppler width is comparable to the
hyperfine structure separation. For unpolarized
light a summation must also be made over q.
Equation (2) holds for monochromatic light
co-propagating with the atomic beam, as for
example, pumping light scattered along the beam.

For fluorescence emitted by beam atoms the
frequency w also has a Doppler shift and hyperfine
components to be averagad over. When this is done
we obtain a result similar to Eq. (2) except that
the summation includes the different frequencies
and polarization of the fluorescence and the
integral D is replaced by the dual velocity
integral function
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Its arguments are § ., vno = (mn. tTwy )/ka and 2¢ =
I'/ka = 0.02 where n' and g' are %he initial and
final states of the fluorescing atom. Evaluation of
the summation and dual velocity integral leads to
the coefficients in the table below:



Light Shift Coefficients

Fluorescing Polarization
State F' L [
2 3.1 6.9
3 -2.6 -1.3
4 -5.6 -5
5 1.3 4.8

Each coefficient is to be multiplied by 10_81 wnere
the light intensity I is in W/m“. For unpolarized
light (2/3 o polarization and 1/3 n polarization)
our result for F' = 4 is about 1/4 the correspond-
ing result of Brillet [2].

We now estimate the fluorescent light
intensity arising from optical pumping. The
intensity reaching beam atoms from atoms excited a
distance d away is
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where Iat is the atomic beam intensity in atoms per
second at the point of excitation, N, is the mean
number of photons of polarization q emitted by each
atom, and P_ describes the angular dependence for
polarization q. N, may be greater th:1 one,
especially for a cycling transition. If the
magnetic field is parallel to the beam, the
polarization is all g. If the field is perpendicu-
lar to the beam, the polarization is half ¢ and
half m.

With Ramsey excitation of the clock transition
the observed lignt shift will be prcdominantly the
average shift occurring in the drift region between
the miercwave cavity ends (see Fig. 1). The
required average of 1/d° is 1/28,(2,+%,) where &, is
the distance from the point of excitation to the
bzginning of the drift region and {5 1s the length
of the drift region._ The atcomic beam intensity is
proportional to 1/%,% where 2, is the distance from
the beam source to the point of excitation. The
inverse dependence on %, 12(22+23) of the light
shift provides a guide for design of new standards.
Fluorescence from the detection region is usually
negligible because the atomic beam flux is so much
smaller there.

Fluorescence Detector\

|-— (—A /s v ™)
i .

i | v

L !

l\‘ ‘,)
Oven | [
Pump Detection
Laser(s) Laser
Fig. 1 Schematic of an optically pumped cesium
beam standard.
For a typical commercial cesium beam tube we
may have beam intensities at the optical pumping
position of about 3 x 101 atoms/sec. Using 12 = 5

cm, £, = 10 cm and N = 3/4 photons per atom for
pumping on the F = 3 to F' = 4 transition we_obtajin
an average drift region intensity of 6 x 10~/ wW/m=.
With the magnetic field perpendicular to Bhe atomic
beam the relative light shift is 3 x 10714,

For a proposed primary standard_ the atomic
beam intensity would be about 8 x 10 atom/sec.
Using &, = 10 cm, %5 = 1.4 m and N = 1/2 photon per
atom for pumping on"the F = 4 to F' = 3 transition
we obtain an average f%goresgence intensity in the
drift region of 5 x 10 W/m=, With the magnetic
field parallel to the atomic beam_the relative
light shift will be only 6 x 107

On the basis of these estimates we can
conclude that the light shift should be included in
the error budget of any optically pumped cesium
standard. However, it need not be the limiting
factor in the overall accuracy of a well-designed
standard. In fact, to experimentally observe the
fluorescence-induced light shift it may be
necessary to introduce an extra light beam very
close to the cavity entrance (small &,) which
drives a cycling transition (large N).
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